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GENERAL INFORMATION

PURPOSE

The Van Allen Radiation Belt is compris;d of highly energetic protons
ana electrons. Space vehicles passing through the belt are subjected to radia=
tion hazards. In order fo evaluate the radiation hazard to components and

personnel, it is necessary to measure the total flux of energetic protons and

electrons along the path of the vehicle.
re e p 29 3¢
This program is an all FORTRAN code which computes the flux and the total
time~integrated fluxes of protons and elecirons for vehicle trajectories along the

- Van Allen Radiation Belt. For study purposes, this belt is differentiated into
four separate beltss ' |

1. High energy proton belt, for protons with energy greater than 20 Mev.

2, L-ow energy proton belt, for protons with energy less than 20 Mev.

3. AFSWC threat electron belt, which is a theoretical belt. |

4, Electron belt, as it existed on October 20, 1962,

These belts are represented by spatial flux maps which are read in as inputs
“to the program, These maps were const;ucted from empirical measurements re~
ceived from satellites. Flux values are given as functions of B (magnetic flux
density In gauss) and of L (Mcllwain parameter in units of earth radii). A des-
cription of, and the reasons for, using the Band L coordinute-sysfem, are given

| AU‘?_Z"O}/"

in Ref. 1.
Three types of inputs are acceptable. The program will accept trajectory

points, one at a time, or it can generate trajectory points for circular orbits,
: 4 . ,




Hohman transfer orbits, or elliptic orbits, The inputs required for each type are

given as follows:

l. Input of trajectory points:

a,
b.
c.

d.

Time (sec)
Latitude (deg)
Longitude (deg)

Altitude (km)

2. Input for generation of circular orbits:

3.

a,

b,

c.
d.
e.
f.v

g.

Initial latitude(deg)
Initial longitude (deg)
Orbital inclination (deg)
Altitude (km)

Time interval (sec)

Final time (sec)

Starting time (sec)

I'nput for generation of Hohman transfer orbit and/or elliptic orbits:

a.

b.

c.

d.
e,
f.

g.

Initial latitude (deg)

Initial lon.gitude (deg)

Orbital inclination (deg)

Perigee or initial altitude (k’m)

Apogee or final altitude (km) °

Interval between points in the ephemeris (deg)

Total number of trajectory points (n.d.)
5 .




At each point of calculation, the program prints out the Input quantities
(or generated trajectory points), the corresponding B and L coordinates, the

individual values of flux, the product of flux and time increment, and the

total integrated fluxes for each of the flux belts,

ASSUMPTIONS -

1. Spherical earth is assumed.

2, The flux maps used are not functions of the energy spectrum, and
the flux values are assumed to be omnidirectional.

3. The proton and electron belts are assumed to be adequately repre=

sented by flux maps which can be interpolated for specified values of B and L.

LIMITATIONS
1. Since a spherical earth is assumed, orbit precession is not taken
Info account. |
2, The flux maps may not be too reliable because of various limita=
. tlons of ;mf;i'n.-l.cakl%ﬁ:c:wrements.
3. Interpolation errors may result because of sparcity of flux entries
in the flux maps. This can be rectified by expanding the size of the array.
4; Errors may be introduced if the Integration time interval is too
large, causing some. areas of the belt to be bypassed, This error Is due, in
part, to the process of interpolation. A simple solution would be to decrease

the integration time Interval, or alternatively, to employ a more sophisticated

Interpolation scheme,




RECOMMENDATIONS

l; To avoid Inaccuracies due to the methods of integration and inter=-

polations used, It Is suggested that some compromise be made Involving the
Integration time interval and the use of a more refined interpolation scheme.
Machine time is a goveming factor, however,

2. It may be worthwhile to refine the flux maps to have the flux values

dependent on the energy spectrum, so that tofal fluxes can be cbtained as

functions of the energy spectrum,




PROCEDURE

* NOMENCLATURE

The nomencluﬁre Is presented in Table 1,

METHOD

When the trajectory input Is glven point by point, then the method s
.sfmlghtforwurd; The points are converted to B and L coordinates from which
a table look~up and linear interpolation are performed to obtain the flux
values. The product of the flux and the time interval are added to the pré-
vious product sum to form the total time-integrated flux. An explanation of
~ the B and L conversion is given in Ref, 1. The Interpolation scheme is given
In Appendix A. |

When circular orbits are to be generated, the program will calculate
the trajectory points. The latitude and longitude for each trajectory point
are calculated from the equations given in Ref, 2. The following explains
the method in more detail: _

1. Generation of circular orlﬂlts.

To generate trajectory points for the circular ombits, the method

and dardvation used are presented in Fig. 1. In Fig. 1 the initial heading, By
Is solved from the following equation:

cos |
cosY]

sin B] =

The tmieétory points for the circular ombits are calculated in the

following manners




TABLE 1. Nomenclature

MATH PROGRAM

SYMBOL SYMBOL | DEFINITION UNITS
h ALT Altitude km
h] ALTI " Perigee or initial altitude km
h2 AlLT2 Apogee or final altitude km
h | ALTI Altitude array km
ALTNM Altitude in nautical miles n. m.
B BB Magnetic flux density gauss
Bmax BBMAX Maximum B value of flux map gauss
Bmin BBMIN - Minimum B value of flux map gauss
At - DT Trajectory time interval sec
DTIME Time between trajectory points sec
DFXELG Electron fluxL>1.5 elecl'rons/cm2

DFXELL | Electron flux L1 5
DFXETG - Threot electron flux B2 BCI
DFXETL Threat electron flux B<BCI
DFXPHE High energy proton flux

DFXPLE © Low energy proton flux

DV Interval between points in the ephemeris
ELEB Electron map B values
ELEFX Electron map flux values

ELEL Electron map L values
- o

electrons/ c:m2
electrons/ c:m2
electrons/ cm2
protons/. cm2
protons/ cm2
deg.
gauss

2
electrons/cm” -sec

earth radii



s, W

TABLE 1, Nomenclature (continued)

MATH PROGRAM
SYMBOL  SYMBOL DEFINITION UNITS

ETHB AFSWC threat electrons B values gauss |
ETHél , AFSWC threat electrons BC1 values gauss
ETHBC AFSWC threat electrons BC values gauss
ETHFX AFSWC threat electrons flux values eléctmn:/ cmz-sec
ETHL AFSWC threat electrons L values earth radii
ETHLI AFSWC threat electrons LC1 values earth radii
ETHLC AFSWC threat electrons LC values earth radii

L FL Mcllwain parameter L earth radii

A4 FLAT Latitude array deg

Lmax .VFLMAX Maximum L value of flux map earth radii

Lmin FLMIN Minimum L value of flux map earth radii

A FLON Longitude array N dgg
FXELG Flux rate electrons L> 1.5 electrons/cmz-sec
FXELL Flux rate electrons L< 1.5 e lectrons/ cm2;-sec
FXETG Flux rate threat electrons B 2.BC] electrons/ cm2-sec
FXETL Flux rate threat glectrons B <BCl electrons/ cmz-sec

10




TABLE 1. Nomenclature (continued)

MATH PROGRAM

SUMELG Integrated flux electrons L> 1.5

SUMELL Infegrated flux electrons LE 1.5

SYMBOL SYMBOL DEFINITION UNITS
FXPHE  Flux rate high energy protons protons/| cmz-sec
FXPLE Flux rate low energy protons protony/ cm2-sec '
NPOINT Total number of trajectory points -
| N OMEGA  Earth rofational rate deg/sec
| ORBINC Orbit inclination deg
PHEB High energy proton map B values gauss
PHEFX High energy proton map flux values profons/cmz-sec
PHEL High energy proton map L values earth rc;dii
X1 Pl Value of 7 --
PLEB Low energy proton map B values gouss
| PLEFX - Low energy proton map flux values pro‘fons/ cmz-sec
PLEL Low energy prbfon map L values earth radii
r R Distance from radius of earth to vehicle km
RADIAN Conversion factor radian to degrees deg/rad |
o RE | Radius of earth km

electrons/ cm2'

electrons/. cm2

SUMETG Integrated flux threat electrons B2BC1 eleci'rons/cm2

SUMETL Integrated flux threat electrons B<BCI ehscl'rons/cm2

SUMPHE Integrated flux high energy protons

1

protons/ cm2



TABLE 1. Nomenclature (continued)

MATH PROGRAM |
SYMBOL SYMBOL DEFINITION UNITS

SUMPLE Integrated flux low energy protons  protonsy/ cm2

t | T Time array sec
¢ TIME Time sec
TLAST Previous time sec

TMAX Maximum trajectory time sec

TMIN Minimum trajectory time sec

2% TPI ' 2 times 1V -
A XL Latitude ' | deg
Wx XLATO | Starting latitude deg
P - XLONG Longitude deg
?\] XLONGO  Starting longitude " deg

12




o

AV = geocentric angle between displacement vectors of initial point P, and
point P,

Ag = poldr angle

ﬂ Bl = h;eoding at poim‘ P] |
Y= lcﬁhﬂe at initial po‘int Py

Y o= latitude at pofnt P,

?\] = long‘itude at initial point Py

A, = longitude at point P2

2
W = rotational velocity of the earth
At = time required for vehicle to cover the true-anomaly arc

i = orbital inclination mea§ured';<;ourifer clockwise from equator
't = time

o = radius of earth

h = altitude of orbit

FIGURE 1. The method and derivation used to generate
trajectory points for the circular ombits.

13
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The change in true~anomaly/Av:

‘ -3 rt
»- QS]X]O [
Av.ﬂ/rgr”‘ (r +h)
e ™

From the spherical law of cosines

cosa=cosb cosc +sinbsinccos A

The following relationships can be rewritten:

Consider the spherical triangle P{NP,

'ge Solution of lutifude\l’z

cos I"_:‘,T\J = cosT’TFz cos l;-;l:l + sin P_]Tz sin 'P_.‘—N cos B]

SubstitutingAV= T’TF

sin VY ] = cos P

)
_.Z)

)

sin Y o = cos P2N

cos ¥ 2= cos/\V sin \{’] + sin/AV cos ‘P] cos B]

Thus the laﬁfude"}’z at point P2 can be solved, given the initial heaaing BI;
initial latitude }f';, and the change in true-anomaly AV
b, Solution of longitude ?\2

?\2 = Ll +A0 ~wAt

First, solve for the polar angle A8

cos P]P2 = cos l"_]-FI cos i;;ﬁ + sin T"T\l sin f’;ﬁ cosAB
which give cos\B = cosAv-sin ¥ ] sm‘{’z

cos Yy cos \P2

Thus the longttude?t at peint P2 can be found, given the initial lohfude Yl'

final laﬂmde‘!’z, and the change in frue-cnomolyAV.

The following angle adjustments are made:

14



Co Adjdstmenf for heading 8, which is dependent on the vaiue of the
oblfal inclination 1. |
1 in first quadrant, set 8] - Bl
{in ;econd quadrant, set 8, = 2T-]B]|
I in third quadrant, set'B] = ‘"’+l8.‘l
' i in fourth quadrant, set B] =1r-|8]l
d. Adjustment for polar angleA8, which is dépendenf on the change
in true anomaly AY
<1

1) For easterly flights, i.e.
\‘r / 9 i -3

,0<8,
if 0 <OVST, set A8 =408
ifT<av<2y, setA6 =27-]a0]

(2) For westerly flights, i.e., < B] <2m

if0 <AV$V', set A8 = 2= |A8]

if WAV set AB =26

2. Generation of Hohman transfer orbits and eliipfi.col orbits. These cal-
cu!aﬁon.s are performed in the subroutine SATRAC, a description of which is given
in Ref. 4.

3. Table look-up of flux values. Flux values ;sre given as functions of

. B (magnetic flux density) and of L (Mcllwain parameter). These values are read
in as inpufs to the computer. The flux values are first converted to their logarithms
(base e). A table look-up is then performed using linear interpolation of the

logarithmic fluxes. The anti=log of this lnterpolotéd value is the final flux.

15




ForB <B<B

-="i+1
£

LJ St2 l"]4-1

L -L BH—] -B B - B,

Log flux ALY L.)+F—-——- 8,10 L)
‘ Lj-H LBy =8 10 T By +1
L - Lj b1 " B B~B
+ — F(B., L, )"""""‘"‘—" F(B )
I v L s L r b

where F(Bi’ Lj) is the logarithm of the flux at B = Bi and L= LJ.. This method

of interpolation is used because it has been shown to give better results.

RESULTS

The interpolated flux values are compared to the valuesgiven in the flux
maps, and have been shown to be accurate, The total time~integrated flux cannot
be compared to any empirical data because no such data exist. The counters on
the vehides only measure, at any point, the value of flux and not the total~

integrated flux.

16




Py

INPUT PREPARATION AND QUTPUT DESCRIPTION

INPUT DATA PREPARATION

Input of Trajectory Polnts

The first card specifies the Input type, by the BCD word POINTS in
Columns |-6, The second cqfd spacifies the number of trajectory points in format

110. Therecfter, each successive cord specifies a trajectory point, In format F10.0. _

Program
Columns Symbol Description Unit
1-10 TIME Time sec
11-20 - XL Latitude deg
) 21-30 XLONG Longitude " deg
31-40 ALT Altitude km

Input for Generation of Circular Orbits

The first card specifies the input type, by the BCD word CIRCULAR in

Columns 1-8. The second card specifies the circulor orbit, in format F10,0 as

follows:
Program
‘ Columns M DescriEﬁon Unit
| - 1-10 XLATO  Initial Latitude  deg
11-20 XLONGO Initial Longitude  deg
. 21-30 ORBINC Orbit Inclination  deg
31-40 ALT Altitude km
- 41-50 DT Time Interval sec
; 51-60 TMAX Final Time e
6170 TMIN  nitial Time sec




M ok s = oo, R A s e

Input for Generation of Hohman Transfer Orbit and/or Elliptic Orbits

The first card specifies the input type, by the BCD word TRANSFER in

. Columns 1-8. The second card specifies the Hohman transfer orbit and/or

elliptic orbit, in format F10.0 as follows:

Columns

61-70

rogram

Sxmbol :

XLATO
XLONGO
ORBINC
ALTI
ALT2

DV

NPGINT

Descrigﬁon

Initial latitude

Initial longifucie

Orbit inclination

Perigee or initial ulﬁtudé

Apogée or final altitude

Interval between points in

the ephemeris

Total number of trajectory
points

Unit

deg
deg.
deg
km

km

deg

Note thot @ Hohman transfer orbit is completed in 180 degrees, and is

just half an elliptic obit. For example, if DV is taken as 3 degrees, NPOINT

Is set equal to 180/3 = 60 to obtain a transfer orbit only. For one élliptic

o;'bit, NPOINT would be 120; for two orbits, 240, and so forth.

OUTPUT DATA

The output listings are self-explanatory. For each point in space, as

specified by time, latitude, longitude, and altitude, the proton and electron

fluxes and their time=~integrated total fluxes are printed.

18



For purposes of study, the AFSWC threat electron fluxes are separated into

two groups, dependihg on a set of B cutoff values. The group of fluxes for B
greater than B cutoff refers to those electrons in transient conditions at lower
altitudes. These are the electrons that would be lost before they drifted around
the earth.

The electron fluxes are also separated into two groups, depending on the

value of L. The group of fluxes for L less than 1. 5 refers to the fluxes based on
the fission spectrum. The group of fluxes for L greater than 1. 5 refers to the fluxes

based on the exponential energy spectrum,

19
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PROGRAMMING INFORMATION

This is a stondard FORTRAN job. There are no additional tape requirements
other than those reéuired for a standard FORMON job, and no special operating
instructions. - Logical tape 5 is used as the input fape, using the FORTRAN statement
READ INPUT TAPE, Logical tape 6 is used as the output tape, using the FORTRAN
statement WRITE OUTPUT TAPE. Logical tape 14 is used as the punch output tape.

This is a smt.zrll program so that no segmentation is required

The storuge requirements are:

Main Program 1,300
Subroutines 9,400
Commen 17,800

The following library routines are required:

SQRT = DEXP(2)
Cos - (DFSB)
- LOG (DFAD)
EXP ' DSQRT
EXP(3) ACOS
SIN EXIT
(DFMP) DSIN
(OFDP) DLOG
(TSHM) SINH
(RTN) (FPT)
DCOS (TSB)
20




(STHM) (RLR)
(FIL) ~(sT8)
ASIN (WLR)

R Y .

21




FLOW CHARTS



READ INPUT

——

FLUX DATA o}
TRAJECTORY DATA

'

- READ OR GENERATE
TRAJECTORY POINTS FOR
CIRCULAR, ELLIPTIC, OR
HOHMAN TRANSFER ORBITS

|

SUBROUTINE INVAR

CONVERT TRAJECTORY POINTS
T0 B,L SYSTEM

1

SUBROUTINE FLUXES

PERFORM TABLE LOOK-UP OF
FLUXES FOR FOLLOWING 4 BELTS:

HIGH ENERGY PROTONS
LOW ENERGY PROTONS
AFSWC THREAT ELECTRONS
ELECTRONS

Y

' (::: PRINT RESULTS ::)




PROGRAM LISTING
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Wy

LW

POINTS

19
O.
62.6303
125.9436
190.6508
257.5175
327.9340
401.2553
48042561 .
565.7888
659.5704
763.7665
88141525
1015.3731
1171.2675
135544376
1577.0314
1849.0611
2190.4722
2629.6528

22

13.8027

16.2881 .

18,6195
20,7688
22,7077
2444080
25.8430
2609881
278224
2843297
2845000
2843297
27.8224
2649881
2548430
2444080
2247077
20.7688
1846195

~161.8474

~15644527
~150.9205
~14542394
~139.4044
~13344175
~127.2896

©=121.0416

~114,7042
~108.3182
~101.9143
~9546015
~89.3840
~83.3398
=7745299
~72.0176
~6648730
~62.1819
~58.,0612

185.3
203.0812

25648106

347.6615
477.6500
649.7323
8679463
1137.6215
146546637
186049505
233448721
2902.0813
358145392
439749978
538441248
6583.6141
8055.8221
9882.8586
1218046557
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APPENDIX A

FLUX DATA SET-UP

SPECIFICATION OF DATA MODE
_ Oné card precedes all flux data input. This card specifies whether data is in
binary mode or BCD mode. If all four flux maAps are in binary mode, then the word
BINARY is punched four times, beginning in Columns 'l; 11, 21, 31. If all maps are
in BCD mode, then the word BCD is punched four times. It is not necessary that all
maps be in the same mode; intermixing is aliowed, For example, if the AFSWC
threat electron map is in the BCD mode while the other three are all binary, this card
would contain the word BINARY punched three times in columns 1, ‘11, and 31, while
column 21 has the word BCD punched. The following reference is used:
Columns 1-10 refer to high energy protons
11-20 refer to low energy protons
21-30 refer to AFSWC threat electrons

31-40 refer to electrons

PUNCHING OF BINARY DATA

In order to compress the size of the input deck, if flux data are read in the
BCD mode, then the subroutine FLUXES will automatically repu:ich these data in
binary mode, to be used in subsequent runs, In the Boeing FORMON system, however,

these binary cards must be gang-punched with a 7 and 9 on Column 1 before they can
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be read in as column binary cards.

FLUX DATA SET-UP

The flux table is stored columnwise in matrix form.

L L2 o e e Lj
B.l F(B],L.l) F(B],Lz) where
- | Lol
8, F(By, b)) FlBoyL)
. B; > Bi-l
Bi- F(Bi’ L.) F(Bv L2)

The data cards are processed in the following order:

a, B values |

b. L values

c. Flux values

In the case of the AFSWC threat electron belt, the following additional data
are required:

d. ‘BC values

e. LC values

f. Bl values

g.. Ll values
BC and LC are sets of values defining the boundary of this theoretical belt, Bl.and L1

are sefs of values referring fo transient electrons as explained on page 19.
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APPENDIX B
- NEW FLUX TABLES

If it is desired to change the flux tables, then some minor changes have to
be made in the subroutine FLUXES as well as in the flux data input. Enumerated

below are the required changes:

Statement Number Description
1000 ' Number of values of B, L, and flux for all
flux maps
1010 B and L limits for high energy protons
1020 B and L limits for low energy protons .
1030 B and L limits for AFSWC threat electrons
1040 B and L limits for electrons

Refer to program listing of subroutine FLUXES for instructions for making

these changes.
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